The social brain hypothesis posits that the cognitive demands of social behaviour have driven evolutionary expansions in brain size in some vertebrate lineages. In insects, higher brain centres called mushroom bodies are enlarged and morphologically elaborate (having doubled, invaginated and subcompartmentalized calyces that receive visual input) in social species such as the ants, bees and wasps of the aculeate Hymenoptera, suggesting that the social brain hypothesis may also apply to invertebrate animals. In a quantitative and qualitative survey of mushroom body morphology across the Hymenoptera, we demonstrate that large, elaborate mushroom bodies arose concurrent with the acquisition of a parasitoid mode of life at the base of the Euhymenopteran (Orussioidea þ Apocrita) lineage, approximately 90 Myr before the evolution of sociality in the Aculeata. Thus, sociality could not have driven mushroom body elaboration in the Hymenoptera. Rather, we propose that the cognitive demands of host-finding behaviour in parasitoids, particularly the capacity for associative and spatial learning, drove the acquisition of this evolutionarily novel mushroom body architecture. These neurobehavioural modifications may have served as pre-adaptations for central place foraging, a spatial learning-intensive behaviour that is widespread across the Aculeata and may have contributed to the multiple acquisitions of sociality in this taxon.
INTRODUCTION
The insect mushroom bodies are brain centres that participate in an array of higher order functions including olfactory associative learning and olfactory processing [1] [2] [3] , spatial learning [4, 5] , sensory integration, sensory filtering and attention [6] [7] [8] [9] [10] [11] [12] . The mushroom bodies have a characteristic morphology consisting of a pedunculus and lobes composed of the parallel fibre-like projections of thousands of intrinsic neurons called Kenyon cells, and calyces composed of Kenyon cell dendrites that receive afferent input from primary sensory neuropils [13 -16] .
The first study of insect mushroom bodies by Dujardin [17] made note of their large size and morphological complexity in the social species of the aculeate Hymenoptera. Since then, a relationship between large, morphologically complex mushroom bodies and sociality in insects has been tacitly accepted, although never explicitly tested [18 -20] . The social brain hypothesis, as proposed for some vertebrate taxa, posits that the cognitive demands of social behaviour have driven evolutionary expansions in overall brain size and in brain regions such as the telencephalon ( [21 -27] ; but see [28, 29] for instances in which sociality does not clearly correlate with increased brain size). As applied to the Hymenoptera, the hypothesis would predict that large, morphologically complex mushroom bodies should be found only in those lineages containing social species, and not in the more basal lineages consisting only of solitary species.
The mushroom bodies of the social aculeate Hymenoptera are typified by those of the honeybee, Apis mellifera (figure 1) [30 -32] . In particular, the calyces are doubled, deeply cup-shaped and greatly expanded in size in relation to the lobes [33] , a morphology we refer to here as 'elaborate'. The calyces of social aculeates also receive visual input from the medulla and lobula of the optic lobes, in addition to olfactory and gustatory inputs that are more generally observed across the insects [31,34 -37] . Morphologically distinct subcompartments in the calyces receive input from each of these sensory modalities, with the collar region specifically receiving optic lobe input [31] .
The Hymenoptera comprise one of the largest and most diverse insect orders. The ancestral species from which all Hymenoptera evolved probably had phytophagous larvae, as do extant members of the basal lineages [38] (figure 2). A prominent step in hymenopteran evolution was the transition from phytophagy to parasitism at the base of the Euhymenoptera, a group that contains the superfamily Orussoidea and the Apocrita [38, 39] . Monophyly of Euhymenoptera is strongly supported by morphological, molecular and joint analyses [40 -42] .
Thus, the present account will not use the traditional classification of Hymenoptera as divided into Symphyta and Apocrita, but will instead refer to 'phytophagous lineages' versus Euhymenoptera.
Another prominent step in the evolution of the Hymenoptera was the transformation of the ovipositor into a stinger in the ancestor of Aculeata in the late Jurassic and early Cretaceous [43] . The Aculeata are split into Chrysidoidea and a clade comprising Vespoidea and Apoidea. Eusociality was another important evolutionary innovation and has probably evolved four times independently within Vespoidea and Apoidea [44] .
In the first test of the evolutionary relationship between sociality and brain morphology in an invertebrate clade, we examined mushroom body morphologies of solitary species representing nearly all major hymenopteran lineages outside of the Aculeata, one basal solitary aculeate and one social aculeate (electronic supplementary material, table S1). We sought to identify three events in the evolution of hymenopteran mushroom bodies, and to determine whether any of these events was associated with the acquisition of sociality: (i) the expansion of mushroom body volume relative to the rest of the brain, (ii) the expansion of the calyces relative to the lobes, and (iii) the acquisition of visual inputs to the calyces from the optic lobes. Volumes of the mushroom bodies, their calyces and lobes were obtained from measurements of histological preparations, and when available, live-captured insects were used for fluorescent dextran tracing of optic lobe inputs to the mushroom bodies. These data were also compared with accounts of mushroom body morphologies of social and solitary aculeates from the published literature (electronic supplementary material, table S1).
MATERIAL AND METHODS

(a) Insects
Insects were either live-captured in the Morgantown, WV area or obtained as ethanol-or alcoholic Bouin's-preserved specimens.
(b) Analysis of mushroom body morphology Live-captured specimens were chilled on ice and brains dissected in physiological saline [45] . Brains were processed in one of two ways: (i) fixed in Carnoy's fixative for 2 h at room temperature and stored in 70 per cent ethanol at 48C overnight, embedded in paraffin, sectioned at 10 mm on a rotary microtome and processed for Cason's staining [46] ; or (ii) fixed in 4 per cent paraformaldehyde in phosphatebuffered saline overnight at 48C, embedded in agarose, vibratome sectioned at 70 mm, and immunostained using the anti-DC0 antibody as described by Farris [47] . The anti-DC0 antibody (a gift of Dr Daniel Kalderon) robustly stains insect Kenyon cells [16, 48] . For Cason's stained brains, mushroom body and protocerebral volumes were calculated from area measurements of traced brain regions from 10 mm paraffin sections using Zeiss AXIOVISION 4 software (Carl Zeiss AG, Oberkochen, Germany) as described by Farris & Roberts [49] . For anti-DC0 stained brains, sections were viewed on an Olympus Fluoview 1000 confocal microscope, and image stacks consisting of 10 mm optical sections of each section captured and saved as .avi files. Files were imported into IMAGEJ 1.43u software (http://rsbweb.nih. gov/ij/) for quantification of brain volumes using a pointcounting grid ('Grid' plug-in). Points falling within each brain region of interest were counted for each optical section, and volumes were calculated from point numbers taking into account magnification, section thickness and grid size [50] . Rare species obtained as alcohol-or alcoholic Bouin'sfixed specimens were found to be unsuitable for paraffin histology and subsequent quantification owing to sectioning damage to the tissue. Better tissue condition for such specimens was obtained by post-fixing in 4 per cent paraformaldehyde followed by anti-DC0 immunostaining and brain region measurements as described above.
(c) Fluorescent dextran fills of sensory inputs to the calyces Live insects were cold-anaesthetized, and brains removed rapidly in cold physiological saline. The tip of a pulled glass electrode was broken against a glass slide and then coated in a solution of 5 per cent Texas red-or fluoresceinconjugated 3000 MW dextran (Molecular Probes, Inc. (Invitrogen), Eugene, OR, USA). The dextran-coated electrode was applied to the optic or antennal lobes by hand. Brains were then incubated in the dark at room temperature in physiological saline for 4 h on a rapidly rotating orbital shaker. Brains were fixed in 4 per cent paraformaldehyde, embedded in agarose, sectioned and viewed on the confocal microscope. Most of the brains processed in this way were also of suitable condition for brain region measurements, so confocal stacks of 10 mm optical sections were captured and imported to IMAGEJ as described above.
(d) Statistical analyses Volume measurements for the protocerebrum versus the mushroom bodies and the calyces versus the lobes were log-transformed, plotted and analysed using GRAPHPAD PRISM 5.0c software (GRAPHPAD Software Inc., La Jolla, CA, USA). Linear regressions were fit for phytophagous species and Euhymenoptera, and slopes and intercepts compared between the two lines for the two groups using two-way analysis of covariance.
RESULTS (a) Mushroom body morphology in phytophagous versus parasitoid Hymenoptera
Comparisons of a phytophagous species (Dolerus sp., Tenthredinidae, Tenthredinoidea) and a euhymenopteran parasitoid species (Ophion sp., Ichneumonidae, Ichneumonoidea) reveal dramatic differences in mushroom body size, calyx morphology and afferent input (figure 3). Both the Tenthredinidae and the Ichneumonidae are composed entirely of solitary species [43] . The mushroom bodies of tenthredinids possessed simple, ovoid calyces lacking subcompartments (figure 3a). Fluorescent dextran fills of the antennal lobes and optic lobes of tenthredinids labelled antennal lobe projection neurons innervating the entire calyx, and outputs from the optic neuropils that passed ventral to the calyces without providing collaterals (figure 3b). By contrast, the mushroom bodies of ichneumonids were large and elaborate (figure 3c), with calyces partitioned into subcompartments corresponding to the lip, collar and basal ring regions of aculeate species. Dextran-labelled projection neurons from the optic lobes innervated the calyx collar, but not the lip (figure 3d ). For all species in which brain regions were measured (electronic supplementary material, table S1), the relationship between mushroom body volume and the volume of the remaining protocerebrum (not including the mushroom bodies or optic lobes) was linear for both the phytophagous species (r 2 ¼ 0.88) and euhymenopteran species (r 2 ¼ 0.86), but the slopes of the plotted lines were significantly different (F ¼ 15.07, p ¼ 0.0008; figure 3e ). This suggests that the allometric relationship between the mushroom bodies and the protocerebrum is different for the two groups of insects, such that mushroom body volume increases more with protocerebral volume in euhymenopterans. As a result, with the exception of the species with the smallest protocerebra (Megaspilus sp., and Stephanus serrator; indicative of small brain and thus body size; [33] ), the mushroom bodies are larger relative to the protocerebrum in euhymenopterans. Despite their relatively small size, however, the mushroom bodies of both Megaspilus and Stephanus possessed invaginated and subcompartmentalized calyces typical of elaborate mushroom bodies (figure 4g). The relationship between calyx volume versus lobes þ pedunculus volume was also linear in both phytophagous species (r 2 ¼ 0.76) and euhymenopteran species (r 2 ¼ 0.97), but the slopes were not significantly different (F ¼ 1.58, p ¼ 0.22; figure 3f ) . Instead, the y-intercepts for these measurements were significantly different (F ¼ 93.83, p , 0.0001). This suggests a grade shift in the relationship between calyx volume and lobes þ pedunculus volume [51, 52] , in which for a given volume of lobes þ pedunculus, euhymenopterans have a significantly larger calyx, reflective of the expanded cup-shaped calyx morphology in these species.
For both comparisons (mushroom body versus protocerebral volume and calyx versus lobes þ pedunculus volume), three points representing measurements made for figure 4a ) and Xiphydria maculata (Xiphydrioidea, figure 4b) were of similar morphology to those of Macroxyela. Species of the phytophagous Cephoidea, Cephus spinipes and Calameuta filiformis, had subcompartments in the calyces (figure 4c), although the mushroom bodies were otherwise similar in morphology to those of the other phytophagous species (not elaborate; they fell within the linear fits for the other phytophagous species for mushroom body volume versus protocerebral volume and calyx volume versus lobes þ pedunculus volume, figure 3e,f ). We were unable to identify the sources of afferent input to the cephid mushroom bodies from the tissue available for this study.
(c) Mushroom body morphology in parasitoid Euhymenoptera Preparations of selected species spanning the parasitoid Euhymenoptera revealed the point of transition to large, elaborate mushroom bodies at the base of this clade. Wasps of the basal euhymenopteran superfamilies Orussoidea and Stephanoidea are ectoparasitoids of wood-boring insect larvae [38, 39] . Mushroom bodies of the orussids Orussus abietinus (figure 4d -f ) and Orussus occidentalis (data not shown) were dramatically expanded in size, with elaborate calyces that filled the dorsal and anterior brain (figure 4d-f ). Although we could not determine with certainty whether there were subcompartments in the calyces of Orussus, they were distinctly larger when compared with those of the phytophagous hymenopterans, including the cephids. The mushroom bodies of Stephanus serrator (figure 4g) were also distinct from those of the phytophagous species, with elaborate calyces that were partitioned into subcompartments reminiscent of lip and collar regions. This suggests that the Stephanus calyces receive input from the optic lobes, although we were unable to confirm this in our alcohol-preserved specimens.
All of the remaining euhymenopteran species surveyed in this study were united with the social aculeates by possessing large, elaborate mushroom bodies with distinctly subcompartmentalized calyces (lip and collar; basal ring subcompartments were clearly identifiable only in the ichneumonids and aculeates). When fresh tissue was available, dextran fills to the optic lobes confirmed that the collar-like subcompartments of the calyces were innervated by optic lobe projection neurons.
Optic lobe dextran fills of the parasitoid Gasteruption sp. (Gasteruptiidae, Evaniodea) revealed large, elaborate mushroom bodies with clearly subcompartmentalized calyces that received input to the collar from optic lobe projection neurons (figure 4h). Smaller subcompartments dorsal to the collar were not innervated by optic lobe neurons, and are likely to correspond to the lip regions of aculeate Hymenoptera. The brains of three other apocritan parasitoids, Orthogonalys pulchella (Trigonalidae, Trigonalioidea), Megalyra sp. (Megalyridae, Megalyroidea) and Megaspilus sp. (Megaspilidae, Ceraphronoidea) possessed similar large and elaborate mushroom body morphologies (data not shown).
Species of the superfamily Chalcidoidea (Proctotrupomorpha) display diverse life histories and are among the smallest known insects [53, 54] , although the family Leucospidae contains species that are of relatively larger size (10 -15 mm). Leucospis sp. mushroom bodies were large and elaborate, but possessed only a single flask-shaped calyx (figure 4i). Dextran fills to the optic lobes revealed innervation of a small, layered collar subcompartment in the ventral calyx, with the uninnervated majority of the calyx neuropil presumably corresponding to the lip. A similar mushroom body morphology was observed in Ropronia sp. (Roproniidae, data not shown). It is possible that the loss of a calyx in both Ropronia and Leucospis reflect the effects of miniaturization in the Chalcidoidea, which may result in the reduction and loss of morphological elements [55] . The single calyx may also be a synapomorphy for a clade containing both the Roproniidae and Leucospidae within the monophyletic Proctotrupomorpha [43] .
(d) Mushroom body morphology in a solitary aculeate The Chrysidoidea are solitary aculeate wasps considered to be the sister group to the remaining two aculeate superfamilies Vespoidea and Apoidea [56] . Many chrysidids are cleptoparasitic, laying their eggs within the nests or burrows of other aculeate species. Chrysidid mushroom bodies were large and elaborate, with extensively convoluted calyces clearly subdivided into lip, collar and basal ring regions (figure 5a). Optic and antennal lobe dextran fills revealed that their inputs to the calyces were inverted with respect to what is typically observed (compare figure 1 with figure 5b ): optic lobe input filled a massively expanded dorsal calyx compartment (magenta), while antennal lobe input targeted a far smaller ventral compartment (green). Visual projection neurons from the optic lobes also provided collaterals to the basal ring neuropil.
DISCUSSION
Eusociality is thought to have evolved at least four times independently in the aculeate Hymenoptera [43, 44] .
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All aculeates investigated to date, ranging from solitary to presocial to eusocial, possess large, elaborate mushroom bodies with lip, collar and basal ring subcompartments in the calyx; in species in which calyx inputs have been traced, the collar receives visual input from the optic lobes (the only exception being secondarily blind species of ants in which both the optic lobes and calyx collar have been lost) (electronic supplementary material, table S1) (present account; [31,50,57 -60] ). In facultatively social and eusocial aculeates, intraspecific differences in mushroom body size have been correlated with social hierarchy [61 -64] and foraging and other types of behavioural experience [50, 65, 66] ; these differences may also be seen at the cellular level in terms of Kenyon cell dendrite morphology in the calyx [67 -71] . Similarly, in a facultatively social species outside of the Hymenoptera, the gregarious locust Schistocerca gregaria; gregarious phase individuals have larger mushroom body calyces than do solitarious individuals [51] . However, cross-species comparisons of solitary and social species of aculeate Hymenoptera have thus far revealed only relatively minor modifications of calyx subcompartments associated with social organization [72] . Taken together, it is clear that the evolution of sociality within the Aculeata did not drive the acquisition of elaborate mushroom bodies; it is more parsimonious to assume that the common ancestor of the aculeates already possessed elaborate mushroom bodies prior to the subsequent evolution of sociality.
Jawlowski [73] noted that ichneumonid parasitoid wasps, which are evolutionarily basal to the Aculeata, have large and elaborate mushroom bodies, although species belonging to the basal phytophagous lineages do not [74] . These findings together with the present account provide substantial evidence that the evolution of sociality did not drive the initial expansion and elaboration of the mushroom bodies in the Hymenoptera. Rather, mushroom body elaboration, marked by an increase in size and the expansion and subcompartmentalization of the calyces, occurred prior to the evolution of the Aculeata and the social groups within. Specifically, our results suggest that this event occurred at the base of the Euhymenoptera, concurrent with the acquisition of a parasitoid behavioural ecology (figure 2). The fossil record supports an early Jurassic origin for the first euhymenopteran parasitoids, while the first social aculeates are found in the early Cretaceous [43] . If parasitoidism evolved concurrently with elaborate mushroom bodies as the evidence presented here suggests, then this mushroom body morphology predated the advent of sociality by approximately 90 Myr.
What selective pressures might underlie the acquisition of elaborate mushroom bodies in parasitoid wasps? In both vertebrates and invertebrates, the capacity for flexible behaviours, such as those associated with food acquisition, is correlated with overall brain expansion [21,27,47,49,75 -77] . In addition, behavioural ecologies that rely heavily on particular behaviours drive size increases in the necessary brain regions; for example, food-caching birds that employ spatial learning to remember the locations of hidden food items have larger hippocampuses [78] , while pelagic sharks that pursue agile prey have larger cerebellums [79] . In insects, the acquisition of a generalist feeding ecology in scarab beetles is associated with an elaborate mushroom body morphology much like that observed in the Euhymenoptera [49] , including expansion and subcompartmentalization of the calyces with the acquisition of optic lobe inputs [47] . Why might feeding generalists require larger mushroom bodies with direct visual inputs? Generalists not only need to perceive and process a wider variety of sensory cues to detect palatable food sources, but they may also need to learn and remember characteristics of food sources and their locations. As sensory integration, learning and memory centres, the mushroom bodies would play a role in these functions, and the increased size of elaborate mushroom bodies might provide additional circuitry for associating and remembering multiple sensory cues in time and space. Many adult parasitoid wasps may be considered feeding generalists, visiting flowers to collect pollen and nectar, or collecting honeydew from homopteran insects [80] . However, the adults of most phytophagous hymenopterans have a similar feeding ecology [81] , so this cannot explain the abrupt enlargement and elaboration of the mushroom bodies at the base of the Euhymenoptera. Our results imply that some novel aspect of the concurrently acquired parasitoid behavioural ecology required enhanced processing by morphologically elaborate mushroom bodies relative to what is employed by basal, non-parasitoid species. One possibility is increased demand for learning and memory capabilities employed during host location; parasitoids are adept at learning both visual and olfactory cues in this context [82 -87] . In particular, spatial learning plays an important role in host location in some species. For example, the parasitoid Hyposoter horticola (Ichneumonidae) employs spatial learning to monitor previously identified hosts over a span of several days [86, 87] . Similarly, Argochrysis armilla (Chrysididae; [88] ) and Dasymutilla coccineohirta (Mutillidae, Vespoidea; [89] ), both kleptoparasitic solitary aculeates, employ spatial learning to monitor the burrows of hosts. Species in all three families possess large, elaborate mushroom bodies (present account and [90] ). Although host-finding behaviours occur only in females, males also possess elaborate mushroom bodies, as observed for many of the species of parasitoids surveyed in the present account (electronic supplementary material, table S1). In social aculeates as well, both sexes possess elaborate mushroom bodies although those of males are smaller in size [91] . This may be because mushroom body development does not differ dramatically between the sexes [92] , so males may possess elaborate mushroom bodies even though their behavioural repertoire is simpler than that of females. In some parasitoid species, however, males may employ associative learning to assist in locating females [93] , while males of social aculeates such as the honeybee may take repeated mating flights that require them to learn the location of the nest [94] ; such behaviours may also be facilitated by elaborate mushroom bodies.
Laboratory studies in the cockroach Periplaneta americana, an insect which also possesses large, elaborate mushroom bodies that receive visual input [95] , have shown that these brain centres are necessary for spatial learning [4, 5] . By contrast, spatial learning in the fruitfly Drosophila melanogaster is supported by neurons in the central complex rather than the mushroom bodies [96 -98] , and the mushroom bodies in this species are small and do not receive visual input to the calyces [99] . Spatial learning in Drosophila also appears to be somewhat limited, as laboratory assays have demonstrated memories only for near-field visual cues that decay within minutes to hours [98, 100, 101] . It is possible that Drosophila does not rely extensively on spatial learning for locating food sources, mates or oviposition sites (all of which occur on fallen and rotting fruits which are likely to be clustered together in space [102] ). However, for insects that must navigate among multiple distant sites for feeding and reproduction, learning the locations of these sites for repeat visits may be of importance. In such species, the processing demands of spatial learning may have promoted the evolution of larger mushroom bodies with novel circuits for processing visual information and forming associative and spatial memories. We may therefore predict that insects outside of the Hymenoptera, with different behavioural ecologies, may be expected to possess elaborate mushroom bodies if they rely heavily on associative and particularly spatial learning. For example, many lineages of flies (Diptera) are parasitoids; species in one group, the Bombyliidae, have larger mushroom bodies relative to those of nonparasitoid flies [103] . Species of Heliconius butterflies (Lepidoptera) that trapline foraging sites (repeatedly visiting learned host plant locations in a specific order) and return to a specific roost location each night also have larger mushroom bodies than do species that do not share these spatial learning-reliant behaviours [104] ; the butterfly Pieris rapae possesses elaborate mushroom bodies that receive visual input, and individuals with larger mushroom bodies perform better at associating visual cues with host plants [105] . Finally, predatory species such as dragonflies that patrol their habitat from a central perch location have large mushroom bodies that receive visual input [106, 107] . Thus, the preponderance of evidence suggests that insects which rely heavily upon spatial learning have acquired this particular mushroom body morphology, although a mechanistic understanding of the role of elaborate mushroom bodies in spatial learning awaits further studies.
The demand for associative and spatial learning is still present in the behavioural ecologies of modern aculeates, albeit in other contexts. Spatial learning is a necessity for the many aculeate Hymenoptera that are central place foragers, both solitary and social, in which burrows or nests containing eggs or larvae are provisioned with food through repeated foraging trips. These insects excel at learning the locations of food sources and nest sites in relation to visual landmarks [108 -115] . Thus, mushroom bodies that were adapted for spatial learning in the context of host location by parasitoids may have been preadapted for spatial learning in the context of foraging from a central nest site as is observed in the solitary aculeates. The place-centred foraging ecology, in turn, was fertile ground for group nest construction and sociality, giving rise to social ants, bees and wasps on multiple independent occasions [116] . A similar trajectory may perhaps also be observed in the Dictyoptera, in which cockroaches possess large, elaborate mushroom bodies and gave rise to the eusocial termites, which also have large and complex mushroom bodies [117] . As sociality emerged in the Hymenoptera, enlarged mushroom bodies with the capacity for processing complex visual features may have further facilitated social interactions, such as the ability to recognize individuals using visual cues [118, 119] . Future studies making use of the extensive behavioural diversity in the Hymenoptera will probably continue to reveal relationships between learning and memory, social behaviour and the evolution of mushroom body structure and function.
